ABSTRACT: White spot syndrome virus (WSSV) causes disease and mortality in cultured and wild shrimp. A standardized WSSV oral inoculation procedure was used in specific pathogen-free (SPF) Litopenaeus vannamei (also called Penaeus vannamei) to determine the primary sites of replication (portal of entry), to analyze the viral spread and to propose the cause of death. Shrimp were inoculated orally with a low (10 1.5 shrimp infectious dose 50% endpoint [SID 50 ]) or a high (10 4 SID 50 ) dose. Per dose, 6 shrimp were collected at 0, 6, 12, 18, 24, 36, 48 and 60 h post inoculation (hpi). WSSVinfected cells were located in tissues by immunohistochemistry and in hemolymph by indirect immunofluorescence. Cell-free hemolymph was examined for WSSV DNA using 1-step PCR. Tissues and cell-free hemolymph were first positive at 18 hpi (low dose) or at 12 hpi (high dose). With the 2 doses, primary replication was found in cells of the foregut and gills. The antennal gland was an additional primary replication site at the high dose. WSSV-infected cells were found in the hemolymph starting from 36 hpi. At 60 hpi, the percentage of WSSV-infected cells was 36 for the epithelial cells of the foregut and 27 for the epithelial cells of the integument; the number of WSSV-infected cells per mm 2 was 98 for the gills, 26 for the antennal gland, 78 for the hematopoietic tissue and 49 for the lymphoid organ. Areas of necrosis were observed in infected tissues starting from 48 hpi (low dose) or 36 hpi (high dose). Since the foregut, gills, antennal gland and integument are essential for the maintenance of shrimp homeostasis, it is likely that WSSV infection leads to death due to their dysfunction 
INTRODUCTION
White spot syndrome virus (WSSV) has caused serious economic losses to the shrimp farming industry in many countries in Asia, Latin America and the US (Lu et al. 1997 , Chou et al. 1998 , Wang et al. 1999 , Hill 2002 , Chapman et al. 2004 ). This has prompted the search for control measures and their evaluation through experimental inoculation tests. The development of standardized inoculation tests has been described in previous publications (Escobedo-Bonilla et al. 2005 , in which we showed that such inoculation methods yield reproducible results.
In order to help formulate new control methods against disease it is important to have a better understanding of WSSV pathogenesis. At present, aspects of WSSV pathogenesis are known mainly from studies of naturally infected Asian shrimp species. Controversial results have stirred the debate about the sites of WSSV entry, primary replication and the mode of spread to distant target organs. Early juvenile (0.45 g) Penaeus monodon inoculated per os first showed WSSV-infected cells at 16 h post feeding in cells of the foregut, gills, integument and connective tissue of the hepatopancreas as determined by in situ hybridization (ISH) (Chang et al. 1996) . However, in another study done with Marsupenaeus japonicus (also called Penaeus japonicus) epithelial cells in the midgut were suggested as the portal of WSSV entry per os (Di Leonardo et al. 2005) . Likewise, the debate on the role of circulating hemocytes in the systemic spread of WSSV is rejected by some results obtained by ISH (van de Braak et al. 2002) , while it is supported by others using immunofluorescence and transmission electron microscopy (Wang et al. 2002) .
The main target organs of WSSV found in marine shrimp and many other crustaceans inoculated per os include the foregut, hindgut, gills, antennal gland, integument, gonads, muscle, nervous tissues, lymphoid organ, haematopoietic tissues, heart and hemocytes. All these organs are of ectodermal or mesodermal origin (Wongteerasupaya et al. 1995 , Durand et al. 1996 , Lo et al. 1997 , Mohan et al. 1998 , Sahul-Hameed et al. 1998 
. At present, no information is available on the pathogenesis of WSSV infection in the American shrimp Litopenaeus vannamei (= Penaeus vannamei).
In the present study, 2 different doses of a Thai WSSV stock were orally inoculated to juvenile specific pathogen-free (SPF) Litopenaeus vannamei using a standardized oral inoculation procedure previously described by Escobedo-Bonilla et al. (2006) . A low inoculation dose resulted in a slower rate of disease progression than a high dose. The objectives were (1) to determine the sites of virus replication with emphasis on the portal of entry, (2) to analyze how WSSV spreads from the primary replication sites to other distant target organs, and (3) to search for the cause of death.
MATERIALS AND METHODS
Shrimp and experimental conditions. SPF Litopenaeus vannamei Kona strain were used. Shrimp (14.6 ± 3.3 g mean body weight, n = 102) were acclimatized to a salinity of 15 g l -1 and 27°C over 4 d at the facilities of the Laboratory of Aquaculture and Artemia Reference Center, Ghent University. Afterwards, they were transported to facilities of the Laboratory of Virology, Faculty of Veterinary Medicine, Ghent University, where 2 experiments were performed under standard biosafety conditions. In the first experiment, shrimp (n = 54) were inoculated with a low dose, in the second (n = 48) with a high dose. In each experiment, groups of 6 shrimp were kept in 50 l glass aquaria equipped with water heaters (Visitherm, Aquarium Aystems), mechanical filters (Eheim Classic 2213) and continuous aeration. Aquaria were covered with glass and a plastic sheet to prevent virus dispersion by aerosol.
Virus. A Thai WSSV stock was used. WSSV from naturally infected Penaeus monodon was passaged once into crayfish and grown to high titers in SPF Litopennaeus vannamei. The virus stock was titrated in vivo by intramuscular and oral routes. The virus titer by oral route was 10 5.6 shrimp infectious dose 50% endpoint (SID 50 ml -1 ) as determined by indirect immunofluorescence (IIF) and 1-step PCR (EscobedoBonilla et al. 2005) . A low (10 1.5 SID 50 ) or a high (10 4.0 SID 50 ) dose was made in phosphate-buffered saline (PBS), pH 7.4, volume 50 µl.
Oral inoculation procedure. Viral inoculation was performed by placing the shrimp with the ventral side up. A magnifying glass was used to locate the mouth. A long and flexible pipette tip (Biozym 790 004) was inserted beneath the labrum and anterior to the mandibles. The WSSV inoculum was delivered into the lumen of the foregut.
Time course. For each experiment, 6 shrimp were collected at 0, 6, 12, 18, 24, 36, 48 and 60 h post inoculation (hpi), respectively. In addition, 6 control shrimp were inoculated with PBS only and collected at 72 hpi.
Sampling. Tissue processing: At each sampling time, the pereons of 3 shrimp were sectioned longitudinally, fixed with Davidson's solution for 24 to 48 h, and placed in 50% ethanol for at least 24 h before paraffin embedding (Bell & Lightner 1988 , Lightner 1996 . The pereons of the remaining shrimp were cross-sectioned at 3 different levels and processed for paraffin embedding.
The first cross-section was made at the anterior part of the pereon. Organs of the digestive system (foregut), excretory system (antennal gland), integument and internal organs (hematopoietic tissue) were located in this section. The second cross-section comprised the central part of the pereon in which organs of the digestive (foregut, anterior midgut cecum and hepatopancreas), respiratory (gills and branchial chamber), excretory (antennal gland) and nervous (ganglia and ventral cord) systems, integument and internal organs (lymphoid organ, gonads) were found. The third crosssection comprised the posterior part of the pereon where organs of the digestive (posterior part of the hepatopancreas and its junction with the midgut trunk) and respiratory (gills, branchial chamber) systems, integument and internal organs (heart and gonads) were located. Organs of the digestive tract in the tail were not analyzed.
Hemolymph collection: Hemolymph from each shrimp was also collected at each sampling time: shrimp were anaesthetized by placing them on ice. Then they were injected with 200 µl of ice-cold Alsever's (AS) buffer, pH 7.0 (Rodríguez et al. 1995) , in the anterior part of the pereon using a 24-gauge needle (Terumo Europe), and 400 µl of hemolymph mixed with AS buffer was withdrawn. An aliquot (100 µl) was diluted 1:10 in PBS and 70 µl of the diluted hemolymph was placed into a cytospin (Cytospin 3, Shandon) fixed to a glass slide. The slides were centrifuged at 300 × g for 4 min and immediately fixed at -20°C in 100% methanol for 15 min. The slides were air-dried and stored at -20°C until IIF analysis was performed. Another aliquot (100 µl) was spun down at 300 × g for 5 min at 4°C to obtain cell-free hemolymph. This fraction was used to perform 1-step PCR for the early detection of WSSV DNA.
Analysis of WSSV infection. Immunohistochemistry (IHC): Paraffin-embedded tissue sections were cut at 4 µm and placed onto Silane-coated slides (A3648, Sigma-Aldrich). Sections were deparaffinized and rehydrated. The endogenous peroxidase was blocked by incubating the slides for 30 min at room temperature in a solution of 1% sodium azide and 0.02% hydrogen peroxidase in Tris buffer pH, 7.4. Sections were incubated for 1 h at 37°C with 2 mg ml -1 of monoclonal antibody 8B7 raised against WSSV envelope protein VP28 (Poulos et al. 2001 ). Sections were washed in Tris buffer (pH 7.6) and incubated for 1 h at 37°C with a 1:200 dilution of biotinylated sheep anti-mouse IgG antibodies (RPN1001, Amersham Biosciences). Afterwards they were washed, incubated for 30 min at room temperature with 1:200 dilution of streptavidine-biotinylated horseradish peroxidase complex (RPN1051 Amersham Biosciences) and washed again. Color development was made with 0.01% of 3, 3'-diaminobenzidine (D8001 Sigma-Aldrich). Sections were counterstained with Gill's hemaluin and washed in water, dehydrated and mounted. WSSV-infected cells were counted using light microscopy (Leica DM RBE) at a magnification of 400×. Two different methods were used to quantify WSSV-infected cells in shrimp tissues: (1) WSSV-infected epithelial cells from the foregut and integument were counted in 5 randomly selected fields and expressed as percentage of the total number of cells. (2) WSSV-infected cells located in tissues/organs such as the antennal gland, hematopoietic tissue, lymphoid organ, heart, gonads and connective tissues were counted in 5 fields selected at random and expressed as the number of WSSV-infected cells mm 
Indirect immunofluorescence (IIF):
Single or double stainings were made on cytospins with circulating hemocytes. Single stainings were made to detect WSSV-infected cells. The cytospins were washed for 5 min in PBS and incubated for 1 h at 37°C with 2 mg ml -1 of monoclonal antibody 8B7 against VP28 (Poulos et al. 2001) , washed twice for 5 min each in phosphatebuffered saline (PBS), incubated for 1 h at 37°C with 0.2 mg ml -1 of fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG antibodies (F-2761 Molecular Probes) and finally washed twice for 5 min each in PBS. Nuclear counter-stain of hemocytes was performed by incubating the slides for 10 min at room temperature with 0.01 mg ml -1 Bisbenzimide H 33342 solution (H1399 Molecular Probes). After 2 washings with PBS, cytospins were mounted. Double stainings were performed to characterize infected hemocytes. Here, a first incubation was made for 1 h at 37°C (1:70 dilution in PBS or 0.02 mg ml -1 solution) with hemocyte markers from Penaeus monodon (Winotaphan et al. 2005) , or with wheat germ agglutinin (WGA) labeled with FITC (L4895 Sigma) (Martin et al. 2003) . Cytospins were washed and incubated with 0.02 mg ml -1 goat anti-mouse IgG-FITC for 1 h at 37°C. After washing, a second staining was made by incubating the slides with a 1:100 dilution of a polyclonal antiserum raised in rabbit against recombinant VP28 for 1 h at 37°C. Slides were washed and incubated for 1 h at 37°C with 0.04 mg ml -1 of goat anti-rabbit IgG-Texas Red (T6391, Molecular Probes). Subsequently, slides were washed and counter-stained with Bisbenzimide H 33342 before being washed again and mounted. The analysis was performed using fluorescence microscopy (Leica DM RBE). Per shrimp, 500 hemocytes or hemocytes from 5 randomly selected fields (400×) were counted and the percentage of WSSV-infected cells determined. Slides without infected cells in this restricted number of cells counted were screened entirely.
One-step PCR: Cell-free hemolymph supernatant (1 µl) was used to perform a 1-step PCR analysis. Each sample was added to a PCR tube containing 48 µl of a PCR master mix (1× PCR buffer [Eurogentec], 1.5 mM MgCl 2 , 0.3 mM of each of the respective forward and reverse primers for WSSV or β-actin, 1.6 mM dNTPs [Eurogentec] , 1 U hot goldstar Taq polymerase [Eurogentec] in a total reaction volume of 50 µl). Primers F002 and R002 were used to amplify WSSV DNA, as well as Primers F and R3 which amplified β-actin from shrimp and served as controls (Dhar et al. 2001) . The expected amplicon for WSSV was 306 bp, while that for β-actin was 339 bp. A preheating step at 95°C for 10 min was followed by 35 cycles of denaturation (94°C for 45 s), annealing (55°C for 45 s) and extension (72°C for 75 s). A final extension step (72°C for 5 min) was made. PCR products were stored at 4°C. PCR products (12 µl), negative (ultrapure water) and positive (DNA from a 10 -2 dilution of WSSV stock) controls, as well as DNA markers (smart ladder, Eurogentec) were resolved on a 1.2% agarose gel in trisacetate-EDTA buffer. The gel was stained with ethidium bromide (0.02 mg ml -1 ) and DNA bands were visualized by UV transillumination.
Histopathology: Deparaffinized tissue sections were stained with hematoxilin-eosin-phloxine (Lightner 1996) and analyzed by light microscopy at a magnification of 400×. Cellular changes and tissue damage were determined. ).
RESULTS

WSSV
Epithelial cells in the midgut were refractory to WSSV (Fig. 1) . Other organs infected with WSSV were the gills (6.1 cells mm -2 ) and the integument of the gill chamber (0.4%), the antennal gland (2.0 cells mm In contrast, the first WSSV-positive cells in the hemolymph were detected by IIF at 36 hpi in 3 of 6 shrimp; at 48 hpi in 1 of 6 shrimp, and at 60 hpi in 2 of 6 shrimp, respectively (Fig. 6 ).
Histopathology
WSSV-infected cells with hypertrophied nuclei and amphophilic inclusions were first observed at 36 hpi. Affected tissues were located in the digestive (foregut, anterior midgut cecum and hepatopancreas), respiratory (gills) and excretory (antennal gland) systems, integument and internal organs (hematopoietic tissue and lymphoid organ). Although hydropic degeneration was occasionally observed in cells of foregut, antennal gland, hematopoietic tissue and lymphoid organ, the structure of these organs remained intact. At 48 hpi, a higher proportion of hypertrophied cells showed hydropic degeneration, and some areas of focal necrosis were observed in the foregut, gills, antennal gland, hematopoietic tissue and lymphoid organ. Occasionally, zones of erosion with hemocytic infiltration were observed in the foregut and anterior midgut cecum at 60 hpi. The structure of organs such as heart, gonads, muscle, neuronal ganglia and nerve cord remained intact throughout the experiment. 
Hemolymph
At 12 hpi, WSSV DNA was found by 1-step PCR in cell-free hemolymph of all the shrimp (Fig. 5) . From this time until the end of the experiment, all collected shrimp were WSSV DNA-positive (data not shown). In contrast, the first WSSV-infected cells in the hemolymph were detected by IIF in 3 of 6 shrimp at 36 hpi and in 4 of 6 shrimp at 48 hpi. At the end of the experiment (60 hpi), 3 of 6 shrimp had WSSV-positive cells in the hemolymph (Fig. 6) . In the hemolymph, marker HC55 showed 53.5% of the circulating hemocytes to be semigranular and granular. Marker HC47d detected 34% of hemocytes as semigranular and hyaline, whereas monoclonal antibody HC201d recognized The lectin WGA showed that 20.9% of the hemocytes were hyaline and semigranular while marker HC200 found 11.7% of the circulating hemocytes to be hyaline and semigranular. A proportion of 8.5% of the hemocytes were semigranular and granular according to marker HC249d, and 5.3% of the circulating hemocytes were granular, as they reacted with monoclonal antibody HC114. None of these circulating hemocytes were found WSSV-positive by IIF using double staining. Histopathology WSSV-infected cells with hypertrophied nuclei and amphophilic inclusions were first observed at 24 hpi. Affected organs were the foregut, gills, antennal gland, integument and internal organs such as the heart, hematopoietic tissue and the lymphoid organ. In the digestive system, only the anterior midgut cecum and hepatopancreas showed these intranuclear inclusions in connective tissues. Cells from muscle, gonads and neuronal ganglia did not show such cellular lesions. At 36 and 48 hpi, the number of damaged cells increased in the foregut, anterior midgut cecum, hepatopancreas, gills, antennal gland, integument and internal organs (hematopoietic tissue and lymphoid organ) and hydropic degeneration occurred in some cells. Small areas of erosion and focal necrosis appeared in the foregut epithelium (digestive system) and hemocytic infiltration occurred in the subjacent connective tissues. Areas of the integument, antennal gland and hematopoietic tissue occasionally showed some loss of structure, whereas the gills and internal organs such as the heart, lymphoid organ, gonads, neuronal ganglia and nerve cord were still intact. At 60 hpi, cytoplasmic detachment and focal necrosis was observed in the foregut epithelium. Some loss of structure was observed in the gills, antennal gland, integument and internal organs (hematopoietic tissue and the lymphoid organ). The structure of the heart, gonads, muscle and tissues of the nervous system appeared undamaged.
DISCUSSION
We have shown by oral inoculation that the portals of WSSV entry in Litopenaeus vannamei were epithelial cells of the foregut and cells in the gills at low and high doses, and also cells of the antennal gland at high dose. The foregut epithelium and cells in the gills were also described as primary sites of WSSV replication in early juvenile Penaeus monodon fed infected tissues per os (Chang et al. 1996) . In contrast, another study on Marsupenaeus japonicus inoculated per os described epithelial cells of the midgut trunk as the primary WSSV replication sites (Di Leonardo et al. 2005) . Shrimp species, the size/age of shrimp and the method of inoculation used may explain these differences.
After primary replication, WSSV spread to other target organs where the number of WSSV-infected cells increased, causing cellular and tissue damage. Early after inoculation, the proportion of WSSVpositive shrimp increased in a dose-dependent fashion. However, by the end of the experiments, the number of WSSV-infected cells in target organs was similar in shrimp inoculated with both low and high doses.
Although the foregut and gills are protected by a layer of cuticle, this could not prevent infection. The reason for this may be the lack of an epicuticle layer, the absence of calcification and/or the presence of numerous pore canals (Icely & Nott 1992 , Taylor & Taylor 1992 , Pratoomchat et al. 2002 , Compère et al. 2004 . Further, it cannot be excluded that during oral intubation, fissures were made in the cuticle of the foregut, resulting in free access of the virus to epithelial cells. The fact that cells in gills and/or antennal gland were also primary replication sites suggested that WSSV might have reached these organs by regurgitated or spilled inoculum. After primary replication (12 or 18 hpi, depending on the dose), newly produced WSSV would have been released from epithelial cells and crossed the basal membrane to reach the underlying connective tissues and associated hemal sinuses. By hemolymph circulation the virus would have reached other organs, so that WSSV-infected cells would be apparent in various organs throughout the body by 18 or 24 hpi (depending on the dose).
It appeared that early in infection, circulating hemocytes were refractory to WSSV infection and that WSSV spread in a cell-free form via hemolymph circulation. The absence of infected circulating hemocytes early in infection was also noticed in other WSSV pathogenesis studies in Penaeus monodon inoculated per os (van de Braak et al. 2002) or crayfish inoculated intramuscularly (Shi et al. 2000 (Shi et al. , 2005 . We found a small proportion of shrimp with a few WSSV-infected cells in their hemolymph late during infection, but none of these cells were recognized by the hemocyte markers we used. Wang et al. (2002) also found WSSVpositive cells in the hemolymph of diseased Fenneropenaeus merguiensis (= P. merguiensis) by IIF and proposed that these were exclusively granular hemocytes. Since none of our tested hemocyte markers could bind to the infected cells we saw in Litopenaeus vannamei, they may have belonged to an unrecognized hemocyte type or, alternatively, may not have been hemocytes at all. Because of the time at which these WSSV-positive cells were first recorded (late post inoculation), it is possible that they were cells detached from infected tissues or disrupted during hemolymph extraction. Overall, our results suggest that hemocytes do not play an important role in the systemic spread of WSSV, at least in Litopenaeus vannamei.
Under culture conditions, many Asian and American shrimp species display white spots in their cuticle (T. W. Flegel pers. comm.), but the exact mechanism of white spot formation is largely unknown. A WSSV infection may induce dysfunction of the integument, resulting in the accumulation of calcium salts within the cuticle (Wang et al. 1999 ). The present study has shown that the integument is one of the most affected organs in Litopenaeus vannamei although no white spots were observed. It is possible that under our experimental conditions the infection spread and killed the shrimp within 5 d post inoculation (dpi) (Escobedo-Bonilla et al. 2006) , which is much faster than in culture conditions. Experiments performed with the penaeid species Trachypenaeus curvirostris and Metapenaeus ensis fed WSSV-infected tissues showed appearance of white spots as the disease slowly progressed (100% mortality at 18 dpi) ). In the field, the progression of disease before the acute stage may also be slow, and may explain the appearance of white spots in the cuticle.
Previous studies with Penaeus monodon brooders (Lo et al. 1997) or with P. monodon of undetermined age have shown by ISH analysis that connective tissues and muscle sheaths around the ovary or testes/spermatophore are susceptible to WSSV infection. In the ovary of brooders, WSSV was detected in follicle cells and oogonia. A few developing oocytes were WSSV-positive. In testes, no reproductive cells were found infected with WSSV (Lo et al. 1997) . In the present study, immature gonads of female or male juveniles showed WSSV-infected cells in the connective tissues only. In a few males, epithelial cells of the vas deferens were also infected, but the reproductive cells of both sexes were always WSSVnegative. These results suggest that the stage of gonad maturation may influence WSSV susceptibility of reproductive cells in the ovary. WSSV infection in gonads has been associated with poor spawning performance and low quality offspring (Lo et al. 1997) , and it may also play a role in the vertical transmission of WSSV.
Gills, the foregut, integument and antennal gland were among the main WSSV target organs in Litopenaeus vannamei. The epithelial cells of these organs perform important functions such as gas exchange, transport and excretion of CO 2 and ammonia, salt regulation and the control of the acid-base balance. These functions are critical for maintaining shrimp homeostasis, and all are involved in molting and growth (Ahearn et al. 1999 , Wheatley 1999 . Epithelial cells in these organs were increasingly damaged as WSSV infection progressed, which most probably led to dysfunction of these organs and death. Conversely, small numbers of WSSV-infected cells were found in the heart, neuronal ganglia, nerve cord and muscle, and the structure of these organs remained intact throughout the experiments.
In conclusion, a standardized oral inoculation procedure consistently showed the foregut and gills to be the primary sites of WSSV replication in Litopenaeus vannamei and that systemic spread occurred mainly via the cell-free form. Although hemocytic infiltration was observed, this reaction did not control virus replication in affected cells/tissues. The gills, foregut, integument and antennal gland were the main WSSV target organs. Because they perform critical functions for the maintenance of shrimp homeostasis, WSSV infection may lead to dysfunction of these organs and finally to death.
